Introduction
Genetic analysis has identified a number of genes that regulate key steps in Drosophila embryonic development (Lewis, 1978; Kaufman et al., 1980; Nusslein-Volhard and Wieschaus, 1980; Kornberg, 1981a; Jurgens et al., 1984; Wieschaus et al., 1984) . Mutations in some of these genes cause abnormal segmentation. For example, specific pattern elements are deleted in every segment of gooseberry embryos and in every alternate segment in hairy embryos. On the other hand, mutations in the homeotic genes do not affect the segment periodicity but rather alter their developmental fate (Lewis, 1978; Kaufman et al., 1980) . This can result in striking transformations where, for example, Antennapedia mutants will grow legs where antennae are normally found. These mutant phenotypes suggest that segments are homologous units whose developmental pathway is under the control of these homeotic loci.
A segmental pattern of organization appears to be specified before it is visible. Positional values (Simcox and Sang, 1983 ), but not cell types (Garcia-Bellido et al., 1973; Morata and Ripall, 1975) are specified within the first 3 hr of embryogenesis. The formation of developmental compartments is an example of such a specification event.
Segment anlagen are subdivided so that individuai cells and their progeny are destined to contribute to either anterior or posterior parts of segments, the anterior and posterior compartments (Garcia-Bellido et al., 1973; Kornberg, 1981a; 1981b; Morata and Lawrence, 1979; Struhl, 1981; Wieschaus and Gehring, 1976) . The compartment boundaries appear to define areas within which particular homeotic genes are expressed (Lawrence and Morata, 1983) .
Assignment of cells to compartments plays an integral role in segmentation. In engrailed mutants assignment of cells to compartmental and segmental units eventually fails (Lawrence and Morata, 1976; Kornberg, 1981a) . The aberrant form of engrailed mutant embryos indicates a profound effect on segmentation; pairs or larger groups of segments fuse together and the ernbryos die (Kornberg, 1981a alters cell behavior and cell interaction so that expressing cells are defined as members of the posterior compartment. Recent studies using cloned sequences have shown a remarkable evolutionary conservation among a number of genes that regulate Drosophila development, suggesting that these genes, and presumably the steps they control, are fundamental and universal (Scott and Weiner, 1984; McGinnis et al., 1984; Poole et al., 1985) . The demonstration that these genes are expressed in a spatially restricted pattern suggests that their expression is spatially regulated so that function is expressed in the appropriate position Levine et al., 1983; Akam, 1983; Kornberg et al., 1985) . Thus, it appears that much of early pattern formation can be addressed as an issue of spatial programming of the expression of these regulatory genes.
To pursue studies of how the engrailed gene is regulated and how the engrailed gene product acts as a regulator,
we have undertaken molecular analysis of the locus. Using chromosome rearrangements as a guide (Kornberg, 1981a; Ali and Kornberg, unpublished) and following approaches pioneered by Bender et al. (1983b) , we have isolated overlapping clones representing 225 kb of genomic DNA from a chromosomal region 48A-48B that (Pardue and Gall, 1975) has grains at 48A and 48B. The chromosomes are from a wild-type strain and the probe was from the clone E31, a clone containing the en sF3~ breakpoint with sequences from 48A1 and 48B5.
encompasses the engrailed gene. This report describes the molecular structure of the locus and the physical mapping of 15 engrailed mutations.
Results

Chromosome Walking throughthe engrailed Locus
Cytological analysis localized the engrai/ed gene to position 48A on the polytene chromosome map (Kornberg, 1981a) . Using tRNA met2 as a probe (Elder et al., 1980) we obtained from a X phage bank (Maniatis et al., 1978) two genomic clones, E19 and E20, that hybridized to the 48B .region.
We took advantage of a relatively small visible deletion that removes all of the cytological region 48A and part of 48B as an aid to the genomic cloning of the 48A region. This deleted chromosome lacks any engrailed function. We were able to establish the orientation of the entry point clones at 48B because the distal end of the en sFs~ deletion lay within the E19 clone and could be detected by its altered pattern of DNA restriction fragments on Southern blots. A recombinant DNA bank prepared from enSF3VSM5 was screened with probes to detect clones homologous to E19. A single clone, E31, was isolated and shown to carry sequences from both sides of the deletion (Figure 1 ).
Using the breakpoint clone E31 to make hybridization probes, we isolated a second entry point clone, El, from the region proximal to the en sF3~. The entry clones were then used to isolate a series of overlapping clones extending from the two ends toward the middle of the deletion. Comparison of restriction digests and hybridization analyses indicated when the two separate walks overlapped. A total of 225 kb of DNA was cloned from the 48AB region ( Figure 2 ) and 205 kb were found to be deleted by en sF31.
It is notable that in the course of this work a number of different chromosomes were analyzed without detecting any insertional polymorphisms. For comparison with analyses of other Drosophila chromosomal regions, see Table 1 .
Localization of the engrailed Locus within the Cloned Segments
The engrai/ed gene can be localized within the 225 kb of cloned sequences by physically mapping DNA rearrangements that disrupt engrailed function. A number of chromosomal rearrangements with engrailed phenotypes have been isolated in screens for new engrailed alleles (Kornberg, 1981a; Eberlein and Russell, 1983) . To map the positions of these rearrangements, we used in situ hybridization to polytene chromosomes and Southern analysis of genomic DNA to locate rearrangement breakpoints. To confirm these locations, we cloned the rearranged sequences.
To show that engrailed rearrangements had breakpoints within the cloned region, the entry point clones E1 and E19 were used as probes to hybridize to polytene chromosomes from selected rearrangement mutants. In all cases examined the E1 probe hybridized on the centromere proximal side of the rearrangement and the E19 probe hybridized to the distal side. Additional in situ hybridization experiments with several probes from the walk roughly located the breakpoints to the middle of the en SF31 deletion.
More accurate and convenient localization of the engrailed mutant breakpoints was accomplished by analyzing genomic Southern blots of restriction enzyme digests of mutant and parental DNA probed with phage DNA from the chromosomal walk. When a phage probe detected anomolous DNA fragments in digests with several different restriction enzymes (mostly Eco RI, Bam HI, Bgl II, and Xho I), it was taken to be a region of rearrangement. Determination of the particular wild-type fragment in which a break occurred was complicated by the presence of DNA from a en ÷ balancer chromosome in all of the engrailed mutant stocks. Thus, although new bands were detected in the mutant DNAs, the normal restriction fragments altered by breaks were not missing, but only reduced in intensity. However, evaluation of band intensity and use of partially overlapping probes or probes from small (1-6 kb) subclones localized the breakpoint lesions to within a few kilobases (Figure 3) .
In order to characterize further the organization of the mutant DNA and to ensure that the detected anomalies were not due to polymorphisms, we cloned the rearranged sequences. Genomic clones containing either the novel fragment created by fusion of the distal sequences to a new region or the novel fragment generated by the proximal sequences were isolated from ,~ phage recombinant libraries prepared from engrailed mutant DNA. Breakpoint clones were isolated in this way for en 1, en c2, en TM, en SF24, en SF37, en sF42, en SF49, en SF52, and en Es. In situ hybridization to wild-type polytene chromosomes directly demonstrated that in these clones of rearranged sequences, the 48A region was fused with a site on either the second or the third chromosome ( Figure 4 ).
The breakpoint locations are shown in Figure 5 . The mutation en ~ has been arbitrarily designated as position 0 on this map. It is notable that the engrailedgene defined by these mutations is very large, at least 70 kb. Bender et al., 1983a; 1983b; Artavanis-Tsakonas et al., 1983; Carramolino et al., 1982; Harald Biessmann, personal communication; Scott et al., 1983; Garber et al., 1983. b Polymorphisms are given for comparisons of Oregon vs. Canton only. Comparisons to additional chromosomes in some cases reveals additional insertional polymorphisms. Inclusion of results with additional chromosomes reinforces the apparent differences but comparable data is not available for all regions.
Features of engrailed Mutations
engrailed rearrangement mutations do not give null phenotypes. Most dramatically, the rearrangement alleles en LA3, en Es, en 3°, and en sF62 can complement the lethality of other engrailed alleles while failing to fully complement the engrailed morphological defects (Kornberg, 1981a; Eberlein and Russell, 1983; Epper and Sanchez, 1983) . The lethal and nonlethal engrailed rearrangement breakpoints lie in distinct regions with the nonlethal alleles all lying distal to the lethal alleles ( Figure 5 ). As defined by these chromosomal rearrangements, the size of the genomic region encoding the essential embryonic function is at least 40 kb. The en + allele arose spontaneously in 1926 (Eker, 1929) . The en ~ lesion is associated with an insertion element of approximately 7 kb that is repeated about 16 times in the Oregon-R genome ( Figure 4A ). The phenotype of en ~ mutants is unique and surprising. Although en 1 flies are viable, the site of insertion is bracketed by lethal engrailed breakpoint mutations ( Figure 5 ). In addition, because en 1 homozygotes show severe morphological defects that are largely confined to the thoracic segments of the imago, the engrailed defect appears to be specific to stage and position. Finally, en ~ gives a peculiar pattern of partial complementation with some other engrailed alleles (Kornberg, 1981a; Epper and Sanchez, 1983; Eberlein and Russell, 1983 ; see also below).
The description of the en 3° allele (Russell and Eberlein, 1979; Eberlein and Russell, 1983 ) emphasized a cytologically evident deficiency, 48A3-4 to 48C6-8. Our molecular analysis detected a defect in the cloned region, but we have not directly demonstrated whether this is the proximal end point of the deficiency. On the basis of complementation it appears most reasonable to attribute the engrailed defect of en 3° to the alteration that we have mapped within the cloned sequences. The phenotype of heterozygous combinations of en 3° with other engrailed alleles is compatible with the observed location of the en 3° sequence alteration in the nonlethal region. DNA was digested with a restriction endonuclease, transferred to nitrocellulose, and hybridized with a nick translated Eco RI fragment of DNA from the walk. Arrows indicate the novel restriction fragments created by the rearrangement. In some digests both the proximal and distal rearrangement fragments are seen, whereas in others only one of the new fragments is detected because of either limited sensitivity or resolution. Because of the presence of a wild-type allele of engrailed on the balancer chromosome, generally the DNA fragment broken by a DNA rearrangement mutation is still present in the mutant heterozygotes. However, in a few cases there is a polymorphism between the parental chromosome and the balancer; in these, the mutation causes a band to disappear (e.g., enSFSo). Digestions Of genome DNA and positions (see Figure 2) Cytologically the en sF37 allele is an insertional translocation of 46C-48A to the heterochromatic base of chromosome 3. Our molecular analysis suggests that it is more complex. Two breakpoints were detected in the engrailed region, one at about -3 0 kb and one at about +5 kb.
Thus, it appears that the translocated region was actually broken into two pieces that were inserted into chromosome 3 in a permuted order (see Figure 4b ). It is, of course, uncertain whether the engrailed defect of this allele is due to the proximal, and/or the distal engrailed breakpoint.
Discussion engrailed Is a Large Gene
The rearrangement mutations mapped here are all part of the engrailed complementation unit. They are dispersed over a 70 kb region. Although obvious uncertainties remain, we believe that 70 kb is a good approximation of the size of the genetic unit. Since mutant alleles mapping at great distances from the characterized transcription unit (see below) are as well represented as mutations in the immediate vicinity of the transcription unit, we argue that the distant lesions cannot be dismissed as unusual phenomena such as second site mutations or position effects. If mutant phenotypes were due to second site changes or position effects, we would not expect a correlation between the severity of mutant phenotype and breakpoint position (see below for discussion of nonlethal mutations).
The unusually large size of the engrailed locus has precedents among other Drosophila genes; two other loci involved in pattern formation, Antennapedia (Scott et al., 1983; Garber et al., 1983) and Ubx (Bender et al., 1983a complementation unit is 30 kb larger than the transcription unit (vis. pbx and bxd mutations do not fully complement Ubx mutations). Thus, for the 100 kb Ubx complementation unit, the size of the transcription unit (70 kb) is a major, but not the exclusive, factor contributing to the large size of the genetic unit. Two features can contribute to the size of these genes, the transcription unit itself and the amount of flanking sequences required in cis for normal expression. The phenotypes of rearrangement mutations divide both the engrailed and the Ubx complementation groups into lethal and nonlethal regions. Rearrangements within the 70 kb Ubx transcription unit give rise to lethal phenotypes whereas rearrangements within 30 kb upstream of this transcription unit give allele-specific nonlethal phenotypes (Lewis, 1978; Bender et al., 1983a; Beachy et al., 1985) . Similarly, we have shown that engrailed rearrangements define distinct lethal regions of 50 kb and nonlethal regions of 20 kb. In contrast to the large primary transcription units of Ubx and Antp, a 2.7 kb engrailed transcript is derived from less than 5 kb of genomic DNA. Three criteria suggest that this transcript encodes en function: its time course of expression is appropriate to the times of engrailed action (Drees, O'Farrell, and Kornberg, unpublished) ; it is expressed in a position-specific fashion consistent with the pattern expected from genetic analyses DiNardo, Kuner, Theis, and O'Farrell, unpublished) ; and, like the coding sequences of genes from the Bithorax and Antennapedia complex, it contains a homeo box sequence (Poole et al., 1985) . As presently characterized, this transcript maps to genomic sequences located roughly at the center of the genetic unit (approximately position -13 to -18 on our chromosomal walk) and is transcribed in the distal to proximal direction (Poole et al., 1985; Drees, O'Farrell, and Kornberg, unpublished) . Thus, it appears that the large size of the engrailed complementation unit is primarily due to a requirement for long range cis interactions for normal function (see below).
Structure of the engrailed Complementation Unit
The engrai/ed mutations belong to a single complementation unit. However, more detailed considerations suggest that the large region constituting the engrafted gene contains interacting elements. First, because engrafted mutations fail to fully complement en ~, they are considered allelic; nonetheless, when the severities of the phenotypes are scored, the same engrafted alleles vary significantly in their ability to complement the en ~ morphological defects.
One aspect of the complementation shows no variation. The en ~ allele provides an activity that complements the embryonic lethality of all engrafted lethal mutations. However, the nonrearrangement alleles show differing abilities to complement the adult morphological defects of en ~. This complementation activity cannot be explained by proposing that these embryonic lethal alleles have normal adult function. Studies of mitotic clones (Kornberg, 1981a; Lawrence and Struhl, 1982) show that engrailed lethal alleles are unable to support normal development of adult pattern by themselves. Thus, the partial complementation between the nonrearrangement engrailed alleles and en ~ suggests that these lethal alleles provide an activity that functions in collaboration with the en ~ allele to promote more normal development of adult structures.
The nonlethal rearrangement mutations provide a second indicator of complexity of the engrailed locus.The existence of viable engrailed mutations that give allelespecific phenotypes suggests that some chromosome rearrangement mutations alter regulation rather than inactivate the encoded function. If so, the physical mapping of these mutations to sites 40 kb from the transcription unit raises the interesting possibility that regions far distant from the transcription unit are involved in the regulation that defines the normal pattern of engrailed expression. Similarly, it has been proposed that the regions upstream of Ubx transcript act in cis to regulate the Ubx unit (Ingham, 1984; Beachy et al., 1985) .
The en ~ Mutation Is Associated with an Insertion Element
Only chromosomes carrying the en ~ mutation contained a detectable insertion in the engrailed region. Although the parental chromosome from which the spontaneous en 1 mutation was isolated (Eker, 1929) is not available as a control, we believe that this 7 kb insertion is responsible for the mutant phenotype. Among all the chromosomes we analyzed, only the en 1 chromosome contains an insertion within the cloned region and thus it seems unlikely that it is a polymorphism coincidentally associated with the mutation. Furthermore, this conclusion is consistent with earlier demonstrations that spontaneous mutations at bithorax (Bender et al., 1983a) , white (Rubin, 1983) , Notch (Artavanis-Tsakonas et al., 1983; Kidd et al., 1983) , scute (Carramolino et al., 1982) , and Antennapedia (Scott et al., 1983; Garber et al., 1983) loci are generally associated with an insertion event.
Sequences Governing Complex Developmental Programs of Expression
The function of the engrailed locus in the production of embryonic pattern may rely on the spatial control of its expression . Much of what is fundamental to the establishment of pattern might then lie in the sequences that control engrailed expression. The mapping of engrailed mutations suggests that extensive flanking sequences are involved in the spatial and temporal regulation of expression. Two other loci having complex spatial patterns of activity, the Bithorax complex and scute, have rearrangement alleles resembling those of engrailed: the positions of these rearrangement alleles are dispersed over a large region of the genome; these alleles do not have null phenotypes; and, they give rise to allelespecific spatially restricted defects (Lewis, 1978; Campuzano et al., 1985) . Perhaps this represents a general feature of spatial and temporal control and genes exhibiting such complex patterns of regulation will frequently be associated with an extended regulatory region.
Experimental Procedures
Fly Strains and Culture All crosses were carried out in standard culture medium at 25°C. engrafted mutant strains were isolated as alleles of en ~, en TM, or Df(2R)en sF31 after X-ray or EMS mutagenesis, en TM, Df(2R) Kornberg, 1981) , en 30 (Df[2R] 48A 3-4; 48C 6-8; Eberlein and Russell, 1983) , en sFe2 (T[2;3] 48A;84D; All and Kornberg, unpublished) , and en Es 0[2;3] 48A;84D; Lindsley et al., 1972) . Descriptions of all other strains can be found in Lindsley and Grell (1968) .
Recombinant DNA Libraries
An amplified library of Charon 4A clones carrying inserts from wildtype (Canton S) Drosophila melanogaster (Maniatis et al., 1978) was obtained from D. Hogness and W. Bender. A cosmid library constructed by E. Meyerowitz (1980) was obtained from D. Hogness and S. Artavanis-Tsakonis.
Strategy for the Chromosome Walk
Once a rough restriction map for a particular phage was determined, a restriction fragment near the most advanced end of the insert was chosen as the primary probe for the next step. In addition, two fragments, one slightly behind the most advanced, and another behind that, were used as auxiliary probes. ~2P-labeled DNA fragments were prepared either by nick translation (Rigby et al., 1977) with DNA polymerase I or by the chewback-fill-in procedure with T4 DNA polymerase (O'Farrell, 1981; O'Farrell et al., 1980) . Screening phage libraries was as described in Maniatis et al. (1982) . Probing three replicas of the same plate with the three probes identified plaques that were positive for the primary probe and negative for the auxiliary probes, yielding steps that extended farthest in the desired direction.
Restriction maps were determined for a few selected phages, and comparisons among them and with the previous step revealed those that had actually advanced the walk the farthest.
The same plates and replicas could be reused for several successive steps. Bound labeled probe was removed by washing the replicas for 1 hr at 70°C in a prehybridization mixture before re-use. Comparisons could then be made with plaques that were positive in the previous step to help guide the selection of plaques.
Clones were also isolated from a cosmid library made by Meyerowitz (1980) or one made with the pJB8 vector (M. Nakanishi and P. O'Farrell, unpublished). Although the cosmid blanks provided some helpful large steps, they proved to be difficult and inefficient to use because of the instability of the cloned fragments. Phage clones were therefore principally used for the chromosome walk, and only those phage clones with minimal neighbor overlap are described here. Preparation of phage stocks and isolation phage DNA was as in Maniatis et al. (1982) .
Purification of Drosophila DNA
Two procedures were used. With the first, 1 g of adult flies was homogenized on ice with a teflon homogenizer in 30 ml of buffer H (0.32 M sucrose, 100 mM Tris, pH 7.8, 50 mM NaCI, 5 mM CaCI2, 1% Triton X 100). Debris was removed by filtering through four layers of cheesecloth and a Nitex screen mesh. Nuclei in the filtrate were pelleted at 2000 x g for 5 min and resuspended in 5 ml of the buffer H. To a 15 ml corex tube, 5 ml of buffer F (10% sucrose, 0.75 M NaCI, 3.3 mM ED'I'A, 5 mM Tris, pH 8.1, 0.2% Titron X 100) was added and the nuclear suspension was layered on top. The nuclei were pelleted through the buffer F layer in a swinging bucket rotor at 16,000 x g for 6 min; this step removes nucleases, RNA, and mitochondria. The pellet was resuspended in buffer P (50 mM Tris, pH 8, 10 mM ED'I-A). To this, 3 ml of buffer P containing 2 mg of proteinase K was added (the proteinase K solution had previously been autodigested for 15 min at 37°C to reduce nuclease contaminants). Then 0.5 ml of 10% SDS was added and mixed on ice, followed by incubation at 37°C for 2 hr. Debris was removed by centrifugation at f6,000 x g for 5 min. To the supematant 1 ml of 6 M NaCIO4 was added and mixed, followed by 3 ml of CIA (CHCI~ [24 parts]: isoamyl alcohol [1 part]). Then 3 ml of phenol was added and gently mixed for 10 min. After centrifugation, the aqueous phase was collected and extracted twice with CIA. DNA was precipitated with ethanol, spooled, washed in 70% ethanol, and dissolved in TE. The yield was approximately 200/~g per gram of flies.
The second protocol was that of R. Lifton (personal communication).
Two hundred adult flies were homogenized in 0.125 M Tris-HCI (pH 8.5), 0.08 M NaCI, 0.06 M EDTA, and 0.16 M sucrose, 0.5% SDS, and incubated for 30 min at 65°C. With the addition of potassium acetate to 1 M, the mixture was chilled to 0°C for 1 hr. The supernatant from a 5 rain centrifugation at 10 K was phenol extracted, ethanol precipitated, and resuspended in TE (0.01 M Tris, pH 8, 0.001 M EDTA). These preparations were used for Southern blot analysis and for construction of genomic libraries.
Lambda Libraries from Mutant Flies
Two methods were employed. The ~. vector 1059 was used to clone Sau 3a partial digests as described by Karn et al. (1980) . The extent of digestion was monitored by electrophoretic separation in agarose and the appropriate size fraction (15-20 kb) obtained by centrifugation of 100/~g of DNA through a gradient of 5%-20% NaCI in TE (5 hr at 35,000 RPM in a SW40 Beckman rotor at 20°C),
In the second method, the Charon 34 vector was digested with either Eco RI or Barn HI restriction enzyme and, after annealing of the cohesive ends, the arms were purified through agarose, electroeluted, extracted with phenol-chloroform, and precipitated with ethanol. Fly DNA was digested to completion, ligated to the purified ~. arms, and packaged in vitro (Maniatis et al., 1982) . Libraries were plated on C600 for screening or for amplification. Phage carrying insert sequences were purified and amplified, and their DNA was extracted and subjected to digestion with a restriction endonuc!ease to distinguish between phage with inserts of wild-type or mutant origin. Mutant restriction fragments were subcloned into the plasmid pUC8 (Vieira and Messing, 1982) or pEMBL8 (Dente et al., 1983) , mapped for sites of restriction enzyme cleavage, and nick translated for use in genomic Southern blots and in situ hybridization.
